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This thesis is an investigation into current practices 
in determining radiation levels in underground uranium mines.
Part of the experimental data required in this investi­
gation was obtained at . one of the Kerr McGee mines and was 
used in the discussion of the equilibrium conditions between 
radon and radon daughters; but no comments or statements, 
either implicit or explicit, should be construed to refer 
to the practices, opinions, or policies of Kerr McGee 
Corporation.
The conclusions of this study are meant to be of general 





This study deals with the determination of radiation 
levels in underground uranium mines.
Radiation conditions in a mine were investigated> and 
it was found that the determination of the state of radio­
active equilibrium between radon and its daughter products 
is fundamental in assessing the exposure of personnel to 
radiation.
It was also found that in practice equilibrium Is 
seldom attained underground. A numerical example showing 
how to calculate the concentration of radon daughters 
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The research carried out and presented in this report 
was motivated by the situation encountered in uranium mines 
from the exposure of miners to the airborne radon progeny. 
The basic objectives of this paper are
a) General description of the problem,
b) Measurement of radon and radon daughter concen­
trations at the working places in a uranium mine,
c) Description of the monitoring techniques and 
equipment used,




The continued development of the uranium industry has 
made necessary the extensive enlargement of underground 
mining operations to satisfy the demand for uranium ores. 
This made necessary an increase in the number of persons 
engaged in ore production from uranium mines and therefore 
the improvement of the safety systems in the mines.
Prom the beginning of the century, the inhalation and 
subsequent deposition of airborne radioactivity, has been a 
definite health hazard always associated with the uranium 
mining industry. These radon daughters encountered in the 
atmospheres of underground uranium mines may be an occupa­
tional health hazard for those persons working in the mines.
At the present time the government formulated specific 
rules to deal with the problem, maintaining control of mine 
atmospheres to protect those persons involved in mining 
operations.
Industry is also engaged in setting rules doing its own 
policing to control underground atmospheres as government 
agencies simply do not have the manpower or time for day to 
day control.
Historical Background
The first historical evidence of the hazard by inhala­
tion of radon and radon daughters comes from the regions of
1
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Schneeberg, Germany, and from Joachimsthal in Czechoslovakia, 
between Saxony and Bohemia, where there are l4th- and 15th- 
century mines. Most of the miners engaged in these mines 
usually died of a lung sickness known in those days as the 
mountain sickness "Bergkrankheit.11
Since the sixteenth century sources of information 
describing this type of illness have been encountered, which 
seemed to be always associated with those miners who had 
worked more than ten consecutive years in the mine.
in 1879 it was diagnosed by Hartung and Hesse as lung 
cancer, but it was not until 1930 that the radon was con­
sidered as the probable cause of lung cancer in miners.
Reported investigations from Pirchan and Sikl (1932) 
and a few years later by Peller (1939) show that in 60 
autopsies performed the cause of death was lung cancer.
In 1951 Bale concluded that the highest contribution to 
the dose of radiation comes from the inhalation of the decay 
products of radon (radon daughters) rather than from the pure 
radon ga.s.
During the period January 19 48 to December 1963 inten­
sive research w a s ,carried out concerning this problem and 
these investigations indicate that the inhalation of high 
concentrations of radon daughters represents an occupational 
hazard for those persons engaged in the production of 
uranium ores.
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RADON AND RADON DAUGHTERS
Uranium (U238) has a half-life period of 4,500 million 
years and supports a series of 13 lineal radioactive decay 
products. An atom of U238 develops a series of successive 
transitions until it is transformed into one of the non­
radioactive and stable isotopes of lead (Pb206),
The fifth decay product of the U238 is radium.(Ra226) 
which produces at a constant rate its daughter product radon 
(Rn222).
Radon is the only element in the uranium decay series 
which is a gas at ordinary temperatures. Due to this fact 
radon diffuses through the pores of the rock and escapes 
into the atmosphere where it continues to decay, generating 
its natural radioactive decay products, RaA, RaB, RaC, RaC1, 
RaD. The sequence of disintegrations of radon can be repre­
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Looking at the preceding chart, we can establish RaD 
(Pb210) as the natural end of the radon decay chain since 
its long half-life period (22 years) can be considered as 
stable in terms of months, weeks, days, hours, etc.
Along the decay chain of radon, all the nuclides (radon 
daughters) are solids, and they coat the surfaces which they 
contact; therefore, we can define this as a property which 
causes radon daughters to be potential hazards.
These products of radon decay, due to their atomic size, 
remain suspended in the air until decay occurs, or they 
adhere to other surfaces.
Physical Properties
Radon, which is a gas at ordinary temperatures, is only 
slightly soluble in water; and it has been determined experi­
mentally that at 20°C, when the equilibrium state is reached, 
radon will be present in water at 0.23 times the concentra­
tion that it will have when air is in contact with it. The 
release of gas from water occurs rapidly, particularly if 
the water is agitated.
Radon is also soluble in fat, but the solubility is 
much more than in water, and it has been shown that at 
approximately 30°C a gram of olive oil retains 125 times 
more radon than the same volume of water.
The radioactive decay constant of radon is always 
0,0075 per hour. Its half period is 3.82 days; its mean-
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life is 5.50 days; the decrease in activity during a mean
life is O.368. The number of atoms in 100 pCi of radon is
1.77 x 10 atoms, and therefore, the weight of 100 pCi of
—  16radon is 6.5 x 10 grams. Radon emits alpha radiation to 
produce its decay products, which are called radon daughters.
Radon daughters are products of the radioactive decay 
of Radon222 and are referred to as short-lived products. All 
these nuclides are solids and have the property of coating 
surfaces where they are deposited. These particles are 
atomic in size. They emit a and 3 particles and Y rays.
Their half-lives and energy release characteristics have 
been described in the preceding flow-chart.
Radioactive Decay 
In a radioactive substance the atoms always tend spon­
taneously to become stable due to the fact that radioactivity 
is the unstable state of the nuclei. This instability pro­
duces an emission or release of energy in the form of a or 3 
particles and y photons, during the whole process called dis­
integration or radioactive decay.
The original element or precursor is called the parent 
and the product of its decay the daughter, their relation­
ship depending on the type of decay.
The rate of decay of any radioactive substance over a 
period of time obeys statistical laws applied to the number 
of disintegrations; therefore, the rate of decay is a
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characteristic of the nuclide and is constant for a par­
ticular nuclide independent of its source.
Thus the rate of decay at any instant is always directly 
proportional to the number of radioactive atoms of the 
nuclide under consideration present at that instant and is 
given by the following equation:
where:
N = number of active atoms present.
t = time.
X = decay constant or disintegration constant, in units 
of sec*”*1*.
The radioactive decay constant X is a constant that is 
independent of all environmental conditions such as tempera­
ture, pressure, concentration, etc. The radioactive decay 
constant is measured in units of sec"^ and is related to the 
half-life period by the equation
The rate of decay given by the product I = NX atoms per 
unit time is called activity.
The reciprocal of the decay constant (tm ) is called the 
average or mean life of the radioactive species and is 
represented by the equation:
(1.0)
xt. = 0.693 (1.1)
(1.2)
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Integrating equation (1.0) from zero time, when the 
number of nuclides present is Nq , to a time t, when N of 
these nuclei remain, demonstrates that the decay follows an 
exponential law that can be represented by 
-At
Nt = V  (1#3)
where:
Nq = No. of atoms present initially 
N^ = No. of atoms present after a time 't 
e = (2.71828.•.)
A = disintegration constant 
t = elapsed time
Half-Life Period 
The half-life period is the time required for a radio­
active substance to decrease by decay to 50 percent of its 
initial activity.
From Eq. (1.3), if the value of N decreases to \ of the
initial value, the equation is transformed into
-At,
. ^1/2 = e
and therefore the half-life period can be represented by 
the following general formula
lQSe2 _ 0.6931 
h X X
and in the case of radon the half-life period is
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Tig “ 0.6931 (0 . 0075/hr^ 92 hours.
Therefore, the half-life period is directly proportional to 
the mean life (Eq. (1.2)) and inversely proportional to the 
decay constant, and thus can be written
= 0.6931 (f)
or
Tj = 0.6931 tm.
Forms of Radiation
Alpha 'Radiation
Alpha particles are emitted by disintegration of certain 
radioactive substances, which are identical to the helium 
nuclei, having a mass of four atomic mass units (a.m.u.) and 
a positive charge of two units. Because of their relatively 
large size, they have little penetrating power and can be ab­
sorbed completely by filters.
Alpha particles can enter the body by inhalation or by 
ingestion of the radioactive material producing it.
Alpha radiation levels in uranium mines are determined 
by drawing a known volume of contaminated air through a 
filter collecting the particulate radon daughters and trans­
forming the number of disintegrations per minute into work­
ing levels (see definition of working level on page 9 ).
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Beta Radiation
Beta particles are given out by the majority of radio­
active isotopes. A beta particle has a single negative 
charge and can be defined as a high speed electron emitted 
from a radioactive source. Its velocity approaches the 
velocity of light.
Gamma Radiation
A gamma ray is a short-length electromagnetic wave 
produced by radioactive decay. The gamma ray has no mass, 
but its energy destroys human tissue.
Units of Measurements 
The unit used to measure the concentration of radiation 
generated by radon daughters is called the working level 
(WL). This unit, which was adopted in i960 by the American 
Standards Association as an acceptable concentration in 
uranium mines, is based on a hypothetical equilibrium 
atmosphere and is defined as:
One working level is any combination of the 
short-life decay products of radon (RaA, RaB, RaC,
RaC’) in 1 liter of air that will result in the 
ultimate emission by them of 1.3 x 105 Mev of alpha 
ray energy.
Exposure to radon daughters over a period of time may 
be expressed in terms of cumulative working level months 
(WLM),
1 WL x 173 Working Hours = 1 WLM.
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The Pi cocurie 
In radiation matters associated with the uranium 
industry, the activity is discussed in terms of picocurie 
units. One picocurie, also called micromicrocurie, is
_ 1 pequal to 10 curie and equals 0.037 disintegrations per 
second.
In the uranium industry the activity is expressed in 
terms of 100 pCi.
100 pCi = 3 . 7  disintegrations/sec = 222 Dis/min,
Monitoring Techniques 
In order to determine radon concentrations and radon 
daughters nowadays several techniques are in use, all of 
which are based on the same principles of sampling with 
variations in the methods and instruments used to interpret 
the samples.
Kerr McGee Corporation is very much interested in the 
control of radon gas and radon daughters in its. mines, and 
is continuously carrying out investigations to develop the 
most accurate procedures possible. The techniques, 
sampling methods, and the instrumentation used in this 
research are explained below.
Radon Sampling and Analysis
Radon concentrations were calculated by determining the 
alpha activity of a representative volume of filtered mine
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atmosphere. In order to obtain the necessary data, air 
samples were collected by drawing 10 liters of mine air 
through a filter and through a 70-ml sampling flask (see 
flasks, p. 13) and by taking the ultimate volume of air 
enclosed in the flask as a representative sample. After a 
period of time, usually 3 hours, the gas was considered in 
equilibrium with the daughters and then the sample was 
ready for reading.
The flask (in which the alpha activity was converted by 
the coated surface to scintillations) was placed in a chamber 
coupled with a photomultiplier tube. These scintillations 
were converted into electrical impulses of a magnitude pro­
portional to the number of photons striking the photocathode. 
These electrical pulses were amplified and recorded on a 
scale whose value corresponds to the activity or disintegra­
tions per minute.
The 70-ml flask was estimated to be 90 percent 
efficient; therefore, in estimating the activity per liter 
of mine air, 15.87 times the activity of the flask should be 
considered.
The total alpha activity determined corresponds to the 
alpha emitters enclosed in the flask (Rn222, RaA, RaC’) and 
therefore only 1/3 of the total activity (DPM) is produced 
by Rn222, thus to determine the Rn222 activity per liter
Activity = 15 =5.29Rn222 3
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Therefore, the activity corresponding to the Rn222 per 
liter of air will be 5.29 times the activity of the sampled 
flask, or in the practical approach, the sampled flask was 
read for 5.29 minutes to get the total activity (DPM).
Radon Daughters Sampling and Analysis
Radon product concentrations were measured by determin­
ing the alpha activity of the deposition of the radon 
daughters on a fiberglass filter. For this purpose 10 
liters of air were driven through the filter in 5 minutes 
sampling time (2 liters per minute pump rate), and these 
filters were collected as a representative sample.
The sample activity was determined between 40 and 90 
minutes after the sampling, and the total number of the 
disintegrations per minute times the corresponding Kusnetzfs 
factor (see Appendix I, page 44) determines the working 
level from the sample and therefore for the place where the 
sample was taken.
Instrumentation 
The instruments used to collect and to interpret the 
radon and radon daughters samples taken at the mine are 
described below.
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Flasks
In the collection of radon gas samples, 70-ml flask 
samples were used. Such flasks were coated with zinc 
sulfide activated with silver and quenched with nickel.
The efficiency of the bottle was estimated to be about 90 
percent.
FiIters
Fiberglass GELMAN Type E filters were used to collect 
radon products. This type of filter was tested to a minimum 
of 99.7 percent efficiency for particles larger than 0,3u 
as measured by the DIOCTYL PHTHALATE PENETRATION (DOP) test. 
The efficiency of this filter is above 98 percent for 
particles as small as 0.05u« The heat tolerance of this 
filter is 230°C.
Alpha 'Activity Meter
In order to determine the alpha activity from the 
Rn.222 and radon daughters samples, a laboratory meter was 
used with the following characteristics:
High-voltage power supply regulated and filtered to 
.0.01 percent ripple,
Photomultiplier tube, RCA type, no. 5819, coupled to 
zinc sulfide crystal for alpha disintegration 
detection,
Pulse amplifier connected to a read out,
T 12 85 14
Scalar capacity ±1 to 1,000,000 counts per second, 
Automatic stop connected to a timer.
Pumps
In order to draw the required volume of air through the 
filter to collect the radon daughters, an M-S-A portable 
battery operated diaphragm pump was used. The flow rate was 
controlled by two valves and a sample flow indicator,
A sample inlet fitting was located on the top center.of 
the pump case and was designed to accept two different 
diameters of sample inlet tubing. The sample inlet is con­
nected directly with the flow-meter scale, and the flow was 
controlled by a dual valve assembly.
One of these valves directly controlled the air flow, 
while the other controlled the by-pass atmospheric air which 
might enter through the center of the stem. The flow was 
exhausted to the atmosphere through the fitting at the 
bottom of the case.
'.vet Test Meters
In order to calibrate the pump rate to a fixed flow,
Wet Test Meters are used. Such meters were designed to 
provide an accurate measure of the total volume of gas flow­
ing through them and were installed between the gas source 
and the fixture or apparatus using the gas. These meters 
were calibrated according to ASTM D107.1. The accuracy at 
time of calibration was within 0.5 percent.
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MINE SAMPLING FOR RADON AND RADON DAUGHTERS
The experimental data required to carry out this 
investigation was obtained in one of the mines owned by 
Kerr McGee Corporation near Grants, New Mexico, during the 
period between October 1969 and January 1970.
Kerr McGee began exploring for uranium in the Ambrosia 
Lake area in 1955, and developed underground mining opera­
tions. In 195 8 Kerr McGee constructed the uranium processing 
mill, considered the largest of its kind in the United States. 
The company operates six underground mines and has two more 
in development.
The mine in which this study was conducted is located 
in Ambrosia Lake, 6971 feet above sea level, the access to 
the mine being by means of a vertical shaft in sandstone,
752 feet deep. The drifts are driven horizontally into the 
boundaries of the ore body, and the ore is usually mined by 
the modified room and pillar method.
The mine is ventilated by two surface fans (down­
cast) having the characteristics below, and four smaller 
upcast fans on the surface.
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Type: Axivane, Joy Series 1000




Type: Axivane, Joy Series 1000
Number of Blades: 12 (set in 4th position)
Operating Point:
H = 14.6 in w.g.




Type: Axivane, Joy Series ,1000
Number of Blades: 12 (set in 12th Position)
Operating Point:
H = 5.8 in w.g.
Q = 33•000 CFM
The ventilation system exhausts through the main shaft and 
four upcast surface fans.
Radon and Radon Daughters Sampling 
In order to obtain the necessary information for deter­
mining the radiation conditions, air samples were taken in 
different parts, of the stoping area studied. Radon and
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radon daughters samples were collected simultaneously in 
order to study the relationship between the results, and 
therefore determine the equilibrium condition between the 
gas and daughters.
The places sampled were considered to be critical 
points in the mine with respect to mine activities, mine 
design, and the ventilation network, hence the average of 
the results may be taken as the average radiation value in 
the area sampled. The instruments and techniques used in 
sampling have been previously explained on page 12.
For sampling convenience the stoping area was divided 
into three sections (fig. 3) in order to control the 
radiation level more efficiently by ventilation.
The results from each of these sections are given 
in Appendix IV.
A total number of 66 samples were.collected from the 
stoping area. Half of the samples taken consisted of 
filtered mine air to determine gas concentration and the 
other half radon daughters deposited in filters.
In all of these sections, air velocities and physical 
dimensions of the airways, cross section and length from one 
junction to another were recorded.
The volume .of the airflow as well as plans of the 
stoping area showing airflow directions, ventilation inflows,
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and all the calculations to determine radiation conditions 
are given in appendices II and IV.
Control of the Air Distribution 
Computer Techniques 
Since velocity and volumen are presently used for 
radiation control, exact determination of their values in 
the mine is necessary,
A computer program to determine the natural splitting 
of the airflow at the mine was developed, and the results 
obtained were checked by using a smoke tube and an anemo­
meter. The values obtained by both methods matched those 
calculated by the computer program.
Mine Network
In the preparation of the input data to be used by the 
computer program the ventilation was defined using the 
following characteristics:
Drifts: The dimensions of the drifts have been con­
sidered as those in the mine, taking the average cross- 
section and length of each one. from one junction to another. 
The friction factor taken for drifts was estimated at the 
mine, its value fluctuates between 100 x 10 ^  and 110 x 10 
Stopes: The friction factor for stopes was assumed to
be the same as that for drifts.
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Airflow: The volume of air entering the stopes was
carefully measured at the end of the ventilation raises and
the values obtained were considered as fixed quantity air­
flows in the computer program.
Mine Ventilation Equations
The method used in the program to solve the network was 
based on Atkinson’s and Bernoulli’s equations and Kirchhoff’s 
laws by which resistances, head losses, and quantities were 
determined.
The following major formulas were used:
Bernoulli’s equation:
P v2 Pli + Li + z = fz + 12 + Z, + Ht (2.1)w 2g 1 w 2g 2 L
where 
' P— = static energy w
V2 -i . ,—  = velocity energy
Z = potential energy
H = flow energy loss.Li
This equation can also be written
Hrp = H™ + Ht (2.2)
X1 2 L
where
H,p = total ..he ad.
Thus, equation (2.1) can be expressed
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Hq + Hv + H7 = Hq. + Hv + H7 + H 
S 1 V1 Z1 ■ b2 2 Z2 L
where
Hg = static head
Hy = velocity head 
= potential head.
All pressures are expressed in inches water gage.
HT = Hs + Hv
where
Hg = the energy consumed in the ventilation system to 
overcome all flow head losses (mine static head)
Hy = velocity head at the discharge of the system. It 
is considered a loss to the system in determining 
overall energy loss (mine velocity head)
And also from Atkinson’s formula




K = friction factor 
P = perimeter 
L = length 
A = area ..
Q = quantity of airflow in CFM,
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The Computer Program
The computer program developed to calculate this type 
of problem is included as part of this report.
The numerical solution of the network studied has been 
included in appendix IV.
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SAFETY AND HEALTH
The work of the safety and health programs has been 
recognized as an important part of personnel administration.
The emphasis upon.safety originated in part from the 
prodding of federal and state laws, which prescribed minimum 
safety standards for occupations and type of business.
Labor unions also have bargained for improved safety 
of the worker on the job. Protection of the workers* health 
also has received attention from Government in some occupa­
tions .
Today most of the businesses have initiated their own 
programs of safety and health for both profit and humani­
tarian reasons.
The modern safety movement started around 1912-with the 
First Cooperative Safety Congress and the organization of 
the National Safety Council..
From that time remarkable advances have been made in 
reducing the rate and severity of such accidents and 
diseases, and obviously the result was an integration of 
employee-employer interests, in which economics had much to 
do with the safety movement.
22
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Safety and Health Standards for Uranium Mines 
U. S. Legislation 
The safety and health standards for uranium mines have 
been a matter of discussion in recent years since it is 
intended to diminish the maximum radiation exposure of 
uranium miners.
The Department of Labor of t,he United States in the 
Federal Register, Volume 34, Number 96, page 7952, May 20, 
19693 describes the safety and health rules to be applied 
in uranium mines as follows.*
50-20.4.36 Radiation Standards for Mining
(a) For the purpose of this section, a ’’working 
level” is defined as any combination of radon 
daughters in 1 liter of air which will ■-result in the 
ultimate emission of 1.3 x 105 million electron volts 
of potential alpha energy. The numerical value of 
the "working level” is derived from the alpha energy 
released by the total decay of short-lived radon 
daughter products in equilibrium with 100 pico-curies 
of radon 222 per liter of air. A working level month 
is defined as the exposure received by a worker 
breathing air at one working level concentration for 
4 1/3 weeks of 40 hours each.
(b) (1) Occupational exposure to radon daughters 
in mines shall be controlled so that no individual 
will receive any exposure of more than 2 working 
level months in any calendar quarter and no more than 
4 working level months in any calendar year. Actual 
exposures shall be kept as far below these values as 
practicable.
(2) In enforcing this section, the Director of 
the Bureau of Labor Standards may at any stage 
approve variations in individual cases from the 
limitations set forth in subparagraph (1) of this 
paragraph to comply with the requirements of the 
Act upon a showing to the satisfaction of the 
Director by an employer having a mine with conditions 
resulting iri a n exposure of more than 4 working 
level months, but not more than 12 working level 
months in any 12 consecutive months that (i) under
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the particular facts and circumstances involved 
the working conditions of the employees so exposed 
are such that their health and safety are pro­
tected, and (ii) the employer has a bona fide 
plan to reduce the levels of exposure to those 
specified in subparagraph (1) of this paragraph 
as soon as practicable, but in no event later 
than January 1, 1971.
(3) Whenever a variation under subparagraph 
(2) of this paragraph is sought, a request therefor 
should be submitted in writing to the Director of 
the Bureau of Labor Standards, U.S. Department of 
Labor, Washington, D. C. 20210, within 90 days 
following the end of the calendar quarter or year, 
as the case may be.
(c) (1) For uranium mines, records of environ­
mental concentrations in the occupied parts of the 
mine, and of the time spent in each area by each 
person involved in underground work shall be 
established and maintained. These records shall be 
in sufficient detail to permit calculations of the 
exposures, in units of working level months, of 
the individuals and shall be available for inspec­
tion by the Secretary of Labor or his authorized 
agents.
(2) For other than uranium mines and for 
surface workers in all mines, subparagraph (1) of 
this paragraph will be applicable: Provided
however, that if no environmental sample shows a 
concentration greater than 0.33 working level in 
any occupied part of the mine, the maintenance of 
individual occupancy records and the calculation 
of individual exposures will not be required.
(d) (1) At the request of an employee (or 
former employee) a report of the employee's 
exposure to radiation as shown in records main­
tained by the employer pursuant to paragraph (c) 
of this section, shall be furnished to him. The 
report shall be in writing and contain the 
following statement:
This report is furnished to you under the pro­
visions of the U.S. Department of Labor,
Radiation Safety and Health Standards (41 CFR 
50-204,36). You should preserve this report 
for future reference.
(2) The former employee's request should 
include appropriate identifying data, such as 
social security number and dates and locations 
of employment.
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In addition to these rules and as an advance revision,
the following specifications are proposed.
41-CFR 50-20^.321 (36) Radiation Standards for Mining.
If a mine, at any working location therein, is above 
4 WLM in any consecutive 12-month period or 2 WLM 
in any consecutive 3-month period, such mine must 
submit a request for variation to the Director of the 
Bureau of Labor Standards, U. S. Department of Labor, 
Washington, D.C. 20210, within 30 days after the end 
of the 3-month period or the year.
V ariation r e'q ue s t - c on ten t s :
1 . Individual mine requests only will be considered.
2. The request shall include the following:
a. All radiation levels in all working areas of 
the mine.
b. Period of time covered (quarter or year),
c. Number of employees of mine.
d. Schematic of mine.
e. Details of present ventilation (number of 
fans, downdraft or updraft).
f. Volume of air to working areas, etc.
g. Time necessary to make needed ventilation 
improvements,
h. All other pertinent information.
3. The USDL will, prior to granting a variation, 
check the request through the Department's Denver 
District Office.
Variation granted-requirements:
1. Upon the granting of a variation, a mine will be 
required:
a. To document that during the period granted 
each working place will be maintained at 1.0 
WL environment or less to insure that 12 WLM 
will not be exceeded.
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b. To furnish the Denver District Office (USDL) 
with monthly and accumulated year to date 
reports of exposure to employees.
c. To advise immediately the Denver District Office 
of any levels above 1.0 WL environment.
d. To advise the Denver District Office if the 
mine is closed for a period longer than one 
week and also to advise of reopening data.
Records
1. Each employer, regardless of size, is required to 
keep records of exposure. 41-204.36(c). Such 
records may be kept on USDL Forms CA-17 and CA-18 
or in equivalent format. Weekly sampling should 
be conducted. Inspections made and records kept 
by State authority are not acceptable as the only 
sampling. However, such State sampling and the 
results if made available to the mine operator, 
may be substituted as a part of the total record.
a. If a small operator does not have sampling 
equipment, the mill operator who purchases 
the ore for further processing to the AEC, 
shall be responsible for necessary sampling.
b. For the purpose of determining individual 
exposure in a high WL place that is closed 
and the miner removed, the calculated 
exposure will be the average of the high 
sample found when closing and the low 
sample present at time of reopening.
(Exception will be where daily or each 
shift sampling is accomplished).
c. In calculating the WLM for an employee, only 
the time spent on the payroll or actual time 
in weekly fractions of a month will be 
acceptable, unless the employee’s exposure 
from the immediate past employer is avail­
able and included in the exposure,
(1) Where a mine is working a week and then
closed down or the employee does not work, 
the records shall reflect the actual 
employee exposure and not be averaged, 
along with the non-working time.
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SAFETY REQUIREMENTS other than Radiation
The mine shall comply with the general safety require­
ments (laws, codes, regulations) of the State operated 
in. (41 CFR 50-204.1(d).
The mine shall also comply with the other general 
requirements of 41 CFR 50-20 4 where State mine law 
does not apply.
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COMMENTS ON SOME ASPECTS DISCOVERED IN THIS STUDY
As a result of the work carried out to determine the 
causes of the problem at underground uranium mines, the 
circumstances contributing to the radioactive airborne 
products concentration considered most significant will be 
described below:
1) Type of rock bearing the ore, grade and type of ore.
2) Physical dimensions of the mining openings and of 
broken ore,
3) Airflow quantity, temperature, and humidity.
4) Velocity of the airflow.
5) Pressure drop and rate of release.
6) Age of the air.
7) Filters.
8) Equilibrium conditions.
9) Places of concentration.
10) Economics of the airflow.
These are the basic circumstances which appear at uranium 
mines, and a. further explanation is included below.
Type of Rock Bearing the Ore,
Grade and Type of Ore 
The physical properties of the rock bearing the ore 
should be considered important since the pure radon gas
28
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diffuses out of rock surfaces into any underground spaces, 
such as a mine.
The radon daughter products do not diffuse out of the
rock because they are solids and isotopes of heavy metals.
Radon diffuses out because it is a chemically inert or 
noble gas, escaping through the pores of the rock. There­
fore the rate of release will be, among others, a function of 
the porosity of the rocks and the types of ore.
Physical properties, humidity, temperature, pressure, 
grade, etc. should also be considered.
Physical Dimensions of the Mining Opening 
and of Broken Ore
The free spaces of the mine or airways should be con­
sidered, since they are fixed in dimensions at any given
time and any change in the quantity of airflow will be 
reflected in the air velocity since one is a function of 
the other.
Also the breakage of ore produced at the stopes causes 
a sudden release of gas and increases the amount of gas in 
the stope atmosphere. Nevertheless, that gas is pure radon 
and thus it needs time to build up the daughter products and 
therefore may be removed by ventilation.
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Quantity of Airflow, Temperature and Humidity 
The volume of air entering the mine dilutes the radon 
gas and therefore this fresh airflow should be sufficient to 
dilute and transport radon safely through the mine openings 
during a maximum period of time which depends on the age of 
the air.
Temperature and humidity conditions do not affect radon 
characteristics since it is considered noble gas, and only 
very small changes occur associated with the daughter pro­
ducts. Nevertheless, such conditions should always be 
recorded when any study is carried out.
Velocity of Airflow 
The velocity of the air-flow constitutes a currently 
practical way to remove the radon daughter products built up 
in underground mine atmospheres.
These atomic size particles can be transported by the 
airflow and exhausted out of the mine.
The air velocities should be controlled because of dust 
formation and also to make working places as comfortable as 
possible.
Pressure Drop and Rate of Release 
It is clear that pressure affects radon emmanation 
rates, but further research Is required to determine the 
precise relationships involved.
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The Age of the Air
The importance of the age of the air in an effective 
ventilation system and in the economics of the air flow 
should always be considered in the design of mine ventila­
tion network.
The elapsed time required for radon to build up the 
daughter products from a pure radon concentration is 
called age of the air. According to this concept the air 
flowing through the mine should be used until a time t in 
which the concentration of products built up overcome the 
permissible concentrations; after that moment it is neces­
sary to filter the air to remove the daughter products or 
exhaust the air to surface.
Filters
Radon and radon daughter concentrations in the air 
can be diluted or filtered in order to maintain the per­
missible mine atmosphere.
By means of filtration, the radon products can be 
removed and retained in the filter, since they are solids 
and therefore amenable to filtration.
The filtered air can be used until radon daughters 
reach a permissible concentration level.
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Equilibrium Conditions
Radioactive equilibrium is defined in the Radiological 
Health Handbook as "the state which prevails when the ratios 
between the amounts of successive members of the series 
remain constant." This equilibrium should be reached if no 
disturbance takes place at the mine , but several circum­
stances do not permit the production of equilibrium, the 
most important of which are
a) Quantity and velocity of the air through the mine 
openings,
b) Mine activities,
c) Release of gas from the rock.
Due to the fact that the radon products may be promptly 
removed by. ventilation, the equilibrium condition is infre­
quently reached at the mine, and therefore Rn222 and its 
decay products may be considered in non-equilibrium con­
ditions .
Places of Concentration
In those places where for any reason the radon has not 
been removed, such as in old stopes, drifts, raises, etc., 
the radioactive equilibrium can be approached.
For this reason all old operations or openings con­
nected with actual operations should be sealed to prevent 
leakage of gas into the working places of the mine.
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Concentrations of radon daughters in airways should be 
controlled to meet standards, and if radiation is above 
these standards, personnel should be withdrawn until ventila­
tion corrections can be made.
Economics of the Airflow 
In several cases the radiation conditions encountered 
in uranium mines have made economical operation impossible, 
since the ventilation requirements were too great.
For this reason it is necessary to control the ventila­
tion system in such a way that the airflow will always be 




As a result of the work performed for this thesis, 
the following conclusion has been reached.
Several approaches to the radiation exposure problem 
of underground uranium miners were considered and it was 
felt that by assuming 100 percent equilibrium conditions 
between radon and radon daughters, in determining radia­
tion exposures, the real exposure may be overestimated.
If the equilibrium level between radon and radon 
daughters at the mine has been established as 20 percent, 
and if 100 percent is assumed for working level calculations 
then the real exposure will be overestimated by approxi­
mately 30 percent. Therefore the total accumulative dose 
will be 8.4 WL instead of 12 WL per year, as assumed using 
100 percent equilibrium conditions.
Consequently the miner could, be allowed to work at the 
mine at least 800 hours more without exceeding the permis­
sible accumulative dose.
This fact establishes a direct relationship between 
safety and health, and manpower; the financial consequences 




To determine radioactive exposure in underground 
uranium mines the following points must be considered:
1. The radioactive equilibrium conditions of the mine 
must be determined in order to calculate the real radio­
active exposure.
2. In determining radiation exposures, the use of the 
method explained in Appendix I will be very useful since due 
to the long period of time allowed to read the samples, they 
can be re-read and checked before leaving the mine, or if
a laboratory meter on surface is used, the allowed elapsed 
time allows one to leave the mine and to use the instrument 
at the laboratory.
3. In order to check the activity of samples at regular 
intervals, a sample should be read at least three times, at 
different times, and the average used. This should be done 
to correct for over or underestimations of the normal samples 
t aken.
This does not constitute standard practice, but it is 
recommended when specific research is carried out or when 
manpower and time allows it.
4. To study by means of computer techniques, if the 
economy of the mine permits it, all the variations that the 
mine activity carries out in the ventilation system in order 
to correct any possible failure before it takes place.
35
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EXPLANATION OF THE METHOD OF MEASUREMENT 




EXPLANATION OF THE METHOD OF MEASUREMENT 
RECOMMENDED BY THE AUTHOR
As a main conclusion of this thesis, a new approach to 
the problem of determining radiation exposures of the 
uranium miners is suggested.
In order to give the maximum detail of the method it 
has been split into the following steps:
a) Determination of Rn222 concentrations at the mine,
b) Determination of the working level,
c) Determination of the equilibrium conditions,
d) Determination of the working level for 20 percent
equilibrium in the mine atmosphere,
e) Computation of the working level factors of 20 
percent equilibrium,
f) Comparison of the suggested method using 100 percent 
and 20, percent equilibrium conditions.
In the development of this method, the following 
assumptions have been made:
1) Constant concentration of Rn222 during filtering,
2) 100, percent efficiency of the filter retaining the 




3) Constant rate of airflow through the filter in 
liters per minute,
k) The alpha activity counter has been calibrated with 
an RaC1 source.
Determination of Rn222 Concentrations 
at the Mine
To determine the gas concentration, one should take a 
sample of filtered gas at the mine (usually 70 ml).
In filtered gas all the daughters have been removed, 
remaining on the filter, and only pure Rn222 will be in the 
bottle,
As soon as the Rn222 source has been removed (end of 
filtering), the gas in the bottle starts to decay, producing 
RaA, RaB, RaC, RaC1, etc. Therefore activity from all of 
them is produced.
After some time has elapsed, the daughter products will 
be in certain conditions of radioactive equilibrium with the 
parent producing a total activity equal to Rn222^  + R a A ^  +
RaBA, + RaC.. '+ ... + etc.At At
If the total alpha activity at that specific time (A ) 
is measured, the number of disintegrations per minute (DPM) 
will come from Rn222, RaA, and RaC* since they are the only 
short-life alpha emitters in the bottle.
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To determine which is the DPM from each one of the 
nuclides, one must define the activity of 100 pCi as 
follows:
-121 pCi = 10 Curie = 0.037 disintegration/sec 
100 pCi = 3 . 7  DPS = 222 DPM 
100 pCi/1 of pure Rn222 produces 222 disintegrations per 
minute decaying at a rate of 0 .0075/hour.
♦
With the. values of the activity of RaA, RaB, RaC (table
7), the total alpha activity per minute (DPM) from Rn222, 
RaA, and RaC* (alpha emitters) can be calculated for a con­
centration of 100 pCi/1.
Therefore if the DPM (alpha activity) from the sample 
taken at the mine (per liter of air after t minutes elapsed 
time) are different from those DPM from a 100 pCi/1 sample 
at the same elapsed time t , the pCi/1 in the former sample 
can be. calculated by simple proportion, Table 9 (Appendix
II.) .
Determination of the Working Level.
The Joint Committee on Atomic Energy, Congress of the 
United States, defines a working level (WL) as follows:
One WL is any combination of the short-lived 
decay products of radon (RaA, RaB, RaC, and RaC*) 
in 1 liter of air that will result in the ultimate 
emission by them of 1.3 x 105 MeV of alpha-ray 
energy.
The meaning of this definition is expressed quantita­
tively in Table 1, below.
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Rn (Rn222) 5.49 3. 82 days 1.77xl06 excluded none
RaA (Po2l8) 6.00 3.05 min 977 6.00+7.68 0.134 x 105
RaB (Pb2l4) 0 26.8 min 8580 7.68 0.659x 105
RaC (Bi2l4) 0 19.7 min 6310 7.68 0, 485x 105
RaC’(Po2l4) 7.68 10“6 min 0.0008 7.68 O.OOOxlO5
Total 1.278x 105
The numerical factor, 1,3 x 10 MeV, is derived from the 
a-decay energy ultimately delivered in the decay through RaCr 
of an initial mixture of 100 pCi each of RaA, RaB, RaC, and 
RaC1, that is, of the short-lived decay products that are in, 
radioactive equilibrium with 100 pCi of radon.
The actual method that was adopted to determine the 
working level (radon daughters concentration) and that was 
recommended by the Joint Committee on Atomic Energy Congress 
of the United States, Hearings, Ninetieth Congress First 
Session on Radiation Exposure of Uranium Miners (1967  ̂ p. 836, 
part II) is described as follows:
As previously pointed out, the original field 
method gives results that are probably not seriously 
in error with regard to alpha energy released.
However, the method is not accurate for expressing 
the results as micromicrocuries per liter of any 
isotropic species if secular equilibrium does not
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exist among the immediate daughters of radon. For 
non-equilibrium conditions, the figures obtained 
by calculating from alpha disintegrations per 
minute to micromicrocuries per liter are only 
apparent concentrations which may be misinterpreted 
as real concentrations.
Maximum permissible levels for radon and radon 
daughters have usually been expressed in terms of 
activity as micromicrocuries per liter or micro­
curies per milliliter, such as "radon plus daughters, 
10“ 7 microcuries per ml” (18). This procedure has 
been followed even though it is now recognized that 
the radiation dose from the radon alone in mixtures 
with its daughter products is relatively unimportant. 
See Section IV.
Such statements must be clearly defined to avoid 
confusion and, at best, refer to theoretical condi­
tions which are rarely encountered in practice. 
However, if atmospheric concentrations of daughter 
products are expressed in terms of total alpha energy 
released, ambiguity is avoided, and it becomes 
unnecessary to attempt to determine the amounts -of 
RaA, RaB, RaC present, a procedure which cannot be 
performed routinely in the field.
Such a method of calculation which measures 
alpha disintegrations per minute on a filter paper 
sample will give figures representing the potential 
alpha inhalation hazard and can be related directly 
to any reference level.
If 100 micromicrocuries each of RaA, RaB, and 
RaC per liter are taken as a suggested working level, 
it can be calculated from the data given in the 
earlier discussion of basic principles that the 
alpha energy released by the decay is one liter of 
this mixture through RaC’ is 1.3 x 105 MeV. Such a 
mixture would give 112.6 disintegrations per minute 
on a filter paper one hour after collecting. 
Therefore, a meter reading showing 113 disintegra­
tions per minute at 60 minutes will represent
1.3 x 105 MeV per liter of alpha energy.
A modification of the original field method 
based on these principles has been described (31) 
and is summarized below. In this procedure, factors 
for calculating from alpha dpm to MeV/1 were deter­
mined by solving Bateman-type equations for the 
decay of various equilibrium and nonequilibrium
mixtures.. These factors are given in figure (V-5),
and the errors in estimating the alpha energy per 
liter are listed in table V-5. The method is as 
follows:
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1. Collect a measured air sample on filter paper 
as given in the original method.
2. Measure the alpha dpm from 40 to 90 minutes 
after the end of sampling..
3. Calculate the alpha dpm per liter of air sampled.
4. Divide the dpm per liter by the factor from 
figure V-5.
5. The resultant figure gives the multiple or fraction 
of the suggested working level (1.3 x 105 MeV) 
existing in the air. Multiply this figure by
1.3 x 105 to determine the amount of potential 
alpha energy in MeV per liter of air.
H. L. Kusnetz (1956, p. 85, 88) describes a method for 
determining radon daughters concentrations in mine atmospheres 
and calculates the factors which are in use today. This is 
considered the most accurate method.
Nevertheless Kusnetz says: "This technique assumes
equilibrium conditions between the daughters," and it has 
been demonstrated that the equilibrium condition is never 
reached in mine atmospheres.
Kusnetzrs. factors are included in figure 1(V-5) below.
With this method and with the assumption of equilibrium 
conditions among the daughters, the working level values 
for the samples taken have been calculated and are shown 












40 50 60 70 80 90
Time After Sampling (Minutes)
Figure 1 (V-5). Factor time relationship for determining
percentage of WL of radon daughter 
products in atmosphere.
Determination of the Equilibrium Conditions 
The 'concentration of pCi per liter and the working 
level values for the samples taken at the mine have been 
calculated by the preceding methods.
With one set of samples from the same location of the 
mine, the equilibrium conditions have been computed accord­
ing to the. following procedure.
At equilibrium conditions it has been determined by
the definition of working level (p. 40) that, to produce an
c.ultimate emission of a energy of 1.3 x 10^ MeV from 1 liter
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of air containing RaA, RaB, RaC, and RaC*, an activity of 100 
pCi is needed, and therefore in radioactive equilibrium for 
each 100 pCi/1 there is 1 working level.
As an example, for sample No. 2 (Table 14, Appendix IV) 
the activity is 120 pCi/1 of air; thus, if the 100 percent 
equilibrium conditions are assumed, the value of the working 
level for this sample should be 1.2 WL, but instead of 1.2 
WL, the calculated value is only 0.101 WL. Using the follow­
ing expression one can calculate the percent'of equilibrium,
% Equilibrium Sample No. 2 = y  -2.vl.Qji B 9$ #
By the same procedure with all the samples, the percent 
of equilibrium in all of the sampling places have been 
determined. The average value (x) of these percents could 
be taken as the percent of equilibrium of the sampled
section of the mine. To illustrate the method, the results 






1 34 0.668 328.0 20.366
2 42 0.630 373.0 16.890
3 37 0.554 373.0 14.8534 38 0 . 485 3H.0 15.595
5 39 0.903 330.0 27.364
6 3 6 0.622 354.0 17.571
7 35 0.561 451.0 12.4398 41 0.719 299.0 24.047
9 40 0.515 635.0 23.858
10 4000 0. 740 831.0 20.939
11 43 0. 840 390.0 21.53812 45 0.652 599.0 10.885
13 5000 0.876 293.0 29.898
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Determination of the Working Level for 20$ of 
Equilibrium in the Mine Atmosphere 
The first step in this procedure is to determine which 
is the activity of RaA, RaB, RaC for 20 percent equilibrium.
Evans (1968, p. 387, fig. 100) determines the growth of 
working levels in initially pure radon, giving the following 
example to show the use of these values: "If the average
residence time of radon underground is 20 minutes, then 
fig. 100 shows that only 30# of the equilibrium decay 
product working levels can be developed underground."
It has been calculated that the equilibrium condition 
at the mine is only 20 percent. By the same procedure it 
is found that the activity for 20 percent equilibrium cor­
responds approximately to 12 minutes old air (see fig. 2, 
Appendix II). The numerical values of the activity at 12 
minutes are taken from Table 7 (Appendix II):
Time RaA RaB RaC
12 9.3.5# 18.2# 2.87#
Knowing the activity at 20 percent of equilibrium, one 
can determine the delivery energy at such conditions 
because the activity is proportional to the number of atoms 
(Kaplan, 1962, p. 215), and therefore 
■M(-t1)
N(t )' = A(t2 )
where
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N = number of radioactive atoms 
A = activity 
t = time 
therefore
N(t,)xA(t?)
N(t2) ------y y - y -
N = 27-7.,-£jl3.rJi. = gii3 
& 2 0 % 100 9 ^
= 8^80_x _18_._2 . gl
B 2 0 % 100
w „ = m i p . x .:2-8j = 181C20$ 100
where
1ST A NB ., NC ¥ = Number of atoms of RaA, RaB, and
^u/o d[)A dU/o RaC respectively per liter of air
at 2 0 % equilibrium per 100 pCi/1.
At 20 percent of equilibrium, the calculated energy 
from the daughters is also 20 percent of the energy of air 
containing 100 pCi/1 at 100 percent equilibrium conditions*
To deliver the energy of 1 WL (1.3 x 10^ MeV) from 
this mixture of air at 20 percent equilibrium, one must 
increase the number of atoms 5 times, in which case the 
activity will be equivalent to 500 pCi/1.
For these new conditions (500 pCi/1) the following 
values have been calculated in Table 3.
Consequently, the definition of working level,-given on
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page 40 is also adequate in this case.















RaA 913 13.68 0.12489 x 105
RaB 1561 7.68 0.11988 x 105
RaC 181 7.68 0.01390 x 105
RaC* 000 7.68 0.00000 x 105
Total 0.25867 x 105
Table 3. Total ultimate a 
equilibrium (500















RaA 4665 13.6 8 .62449 x 105
RaB 7805 7.68 .59942 x 105
RaC 905 7.68 .07040 x 105
RaC1 000 7.68 .00000 x 105
Total 1.30431 x 105
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In determining the value of the factors to be used 
under mine conditions (20 percent equilibrium) - values that 
are used In computing levels - it is necessary to calculate 
the number of .disintegrations that this number of atoms will 
produce in different times, and from them compute the factors. 
One of the procedures used to calculate the' activity (dis­
integrations per minute, DPM) is the summation rule, which 
is explained in detail by P. Groer, H. D. Evans, and G. L, 
Schroeder on page 335 of MIT-952-5 Annual Progress Report to 
the Atomic Energy Commission, At (30-1) 952 (Physics 
Department, Radioactivity Center, Massachusetts Institute 
of Technology). This procedure is explained as follows:
To estimate the decay of activity on a'filter after 
sampling, one uses the summation rules (see Sec. E8).
Let ts denote the sampling time and tg the decay 
time (time after end of sampling). Then the summa­
tion rules state:
Activity after 













only for tg 
min.
It can be shown by using the appropriate solutions 
of the Bateman equations that this procedure 
gives the exact activity for any build-up time 
ts and any decay time tg. The use of the summa­
tion rules is not an approximation.
What is meant can be illustrated and clarified by an 
example using the values in Table 8 to establish the follow­
ing:
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ts = Sampling time (10 minutes) 
tg = Elapsed time (50 minutes)
Sy = Sample volume (10 liters)
PR = Pump Rate (1 liter/minute).





RaC (.497-.39 8)9 77 (.5362-.4419)8580 (.8789-.8278)6310





RaC (.497-.398)4565 (.5362-.4419)7805 (.8789-.8278)905
Total (.099 x 4565) + (.0943 x 7805) + (.0511 x 905)=1234 DPM
Due to the fact that the half-life period of RaC1 is very
-4short (1.60 x 10 sec), RaC will be considered as if it were 
responsible for the RaCf alpha emission, since the decay of. 
each RaC atom takes place practically instantaneously by the 
alpha decay of RaC'; therefore the RaC’ alpha emission may be 
considered, for mathematical purposes, as if it originated in 
the decay of RaC.
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By use of the same procedure, the following values for 
different times have been calculated in Table 4 below.
Table 4. Determination of the total alpha activity for 














From the values in Table 4, the factors for interpreta­
tion of disintegrations per minute in terms of working levels 
have been calculated and shown in Table 5 below.
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Numerical Comparison of the Described Method 
Using 100 and 20 Percent Equilibrium Conditions
The two equilibrium conditions for determining radon 
daughter concentrations in mine atmospheres will be com­
pared theoretically, based on 100 percent and 20 percent 
equilibrium.
The individual values were computed separately for the 
two equilibrium conditions as follows.:
1. If an activity of 5,000 DPM is used to estimate the 
Working level value by the recommended method, considering 
100 percent equilibrium, the value will be
5.000 x 0.000815 = 4.1 WL.
If now, only the 20 percent equilibrium condition is
considered, the value will be
5.000 x 0.000811 = 4.0 WL.
By the same procedure, the values for 5,000, 3,000, 
2,000 ,. and 1,000 disintegrations per minute at 50 , 60, 70 , 
80, and 90 minutes elapsed time have*been calculated (in 
terms of working levels) and shown in Table 6 below.
2. By use of a sample of mine activity, the working 
level values were computed separately for 20 percent and 
100 percent equilibrium conditions.
These samples were read at different elapsed times, and 
the corresponding activities were expressed in terms of work' 
ing levels. The numerical results are included in Table 6 
b e 1 ow.
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3. By use of a constant theoretical activity of 1,000 
DPM, the potential alpha energy in terms of working levels 
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60 720 .71 .67
80 544 .79 .70
100 370 .85 .57
120 188 . 66 .37
140 138 .77 .50
160 112 1.00 .64
180 86 .99 .76
X .82 . 60
Table 6.2 Theoretical Determination of the 'Working Level 







50 1000 .81 .81
60 1000. .98 .93
70 1000. . 1.19 1.08
80 100.0 1.46 1.30
90 1000 1. 80 1.56
130 1000 4.46 2.92














0.5 0.1074 0.000706 0.00000417
1 0.204 0,00277 0.0000322
2 0.366 0.0101 0,0002396
3 0.495 0.0210 0,000755
4 0.598 0.0345 0.00167
5 0.680 0.0500 0.003526 0.745 0.0670 0,00550
7 0.797 0.0851 0,00801
8 0.838 0.104 0.0111
9 0.871 0.123 0,014710 0.898 0.143 0.0188
11 0.918 0.162 0.0235
12 0.935 0.182 0,0287
13 0.948 0.201 0.0344
14 0.959 0.220 0.0406
15 O .967 0.239 0.0472
16 0.974 0.258 0.0542
17 0.979 0.276 0.061718 0.983 0.295 0.0695
19 0.987 0.312 0.0776
20 0.989 0.329 0.0861
25 0.997 0.410 0.132
30 0.999 0.482 0,184
35 1.000 0.545 0.237
40 1.000 0.600 0.292
45 1.000 0.648 0.346
50 1.000 0.691 0,398
55 1,000 0.729 0.44960 1.000 0.762 0.497
70 1.000 0.816 0.584
80 1.000 0.858 0.660
90 1.000 0.890 0,724
100 1.000 0.915 0.778
110 1.000 0.935 0. 822
120 1,000 0.950 0,858
130 1.000 0.961 0,887
140 1.000 0.970 0.910
150 1.000 0.977 0.929
160 1,000 0.982 0.944
170 1.000 0,986 0.956
180 1.000 0.989 0,966
Table 7.. Numerical Values for the Growth of Activity of 
Ra A, Ra B, Ra C from a Radon Source (R. D. 




Ra A Ra O A Ra O B Ra C
0,5 0.1074 0,00000417 0.0001125 0,017441 0.204 0.0000322 0.0004457 0.03457
2 0.366 0.0002396 0.001747 0.06794
3 0.495 0,000755 0,003852 0,10024 0.598 0.00167 0,006712 0.1313
5 0.680 0.00352 0.01028 0.1613
6 0.745 0.00550 0,01451 0.1903
7 0.797 0.00801 0.01936 0,2183
8 0.838 0.0111 0.02478 0.2453
9 0.871 0.0147 0.03075 0,271410 0.898 0.0188 0.03722 0,2966
11 0.918 0.0235 0.04415 0.320912 0.935 0.0287 0.05152 0.3444
13 0.948 0.0344 0.05929 0.367014 0.959 0,0406 0.06743 0,3889
15 0.967 0.0472 0,07591 0,4100
16 0.974 0.0542 0,08470 0,4304
17 0.979 0,06l7 0,09378 0.450118 0.983 0.0695 0.1031 0,4691
19 0,987 0.0776 0.1127 0,487520 0.989 0.0861 0,1225 0,5052
25 0.997 0,132 0.1740 0,5850
30 0.999 0.184 0.2281 0.6519 •
35 1.000 0.237 0.2831 0.7081
40 1,000 0.292 0.3376 0,7552
45 1,000 0.346 0.3908 0.7947
50 1.000 ' 0.398 0.4419 0,8278
55 1,000 0. 44-9 0.4905 0,8556
60 1,000 0.497 0.5362 0.878970 1.000 0.584 0.6188 0.9148
80 1.000 0,660 0,6894 0.9401
90 1.000 0.724 0.7488 0.9578
100 1.000 0.778 0,7980 0.9703
110 1.000 0.822 0.8384 0,9791
120 1.000 0.858 0.8712 0.9853
130 1.000 0.887 0.8978 ' 0.9897
140 1,000 0,910 0.9191 0,9927
150 1.000 0.929 0.9361 0.9949
160 1,000 0,944 0,9497 0.9964
170 1.000 0.956 0,9605 0.9975
180 1.000 0.966 0,9690 0,9982
Table 8. Accumulation of Airborn Ra A and Ra C in a Filter 
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Figure 2. Growth of working levels in initially pure radon.
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Alpha Particle: Charged particle, having a mass of four units
and two unit positive charges of electricity, which is 
emitted from the nucleus of some atoms. It is composed 
of two neutrons and two protons.
Alpha Ray: Stream of fast-moving alpha particles. It is
strongly ionizing and weakly penetrating radiation.
Beta Particle: Charged particle, having a mass and charge
equal in magnitude to those of the electron, which is 
emitted from the nucleus of some atoms.
Beta Ray: Stream of high speed electrons of nuclear origin
more penetrating but less ionizing than alpha rays; a 
stream of high speed electrons.
CPM: Cubic feet per minute.
Curie (c): Measure of quantity of radioactivity; one curie
equals 2.22 x 1012 disintegrations per minute.
Decay Constant: The fraction, lambda (X) of the number of
atoms of a radioactive isotope which decays in the unit 
time. Lambda equals 0..69.3/half life.
Drift: A horizontal opening in or near an ore body and
parallel to the course of the vein or long dimension 
of the ore body.
DPM: Disintegrations per minute. DPM equals number of atoms
times decay constant.
Electron Volt: The amount of energy required to move one
electron charge through a difference of potential of 
one volt. The unit is equal to 1.6 x 10“ 12 erg.
Erg: Unit of energy which can exert a force of one dyne
through a distance of one centimeter.
Gamma Ray: Electromagnetic radiation emitted from the
nucleus of a radioactive atom.
Half Life: Time required for a radioactive substance to
lose by decay 50 percent of its activity.
in. w.g.: inches of the water gage.
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MEV: Million electron volts of energy.
Plcocurie (pCi) : 1 x 10~12 curie; 222 disintegrations per
minute.
Radioactivity: Characteristic of certain kinds of matter, the
atomic nuclei of which are unstable and undergo spon­
taneous disintegration with liberation of energy. The 
disintegration process, which usually results in the 
formation of new elements, is accompanied by the emission 
of one or more types of radiation, such as alpha 
particles, beta particles, and gamma rays.
Radioactive Equilibrium: Among the members of a radioactive
series, the state which prevails when the ratios between 
the amounts of successive members of the series remain 
constant. (Radiological Health Handbook. Robert A.
Taft, Sanitary Engineering Center, U.S. Public Health 






Raise : A vertical or i
level to connect with the level above, or to explore 
the ground for a limited distance above one level.
Stope: An excavation from which ore has been extracted.
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